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ABSTRACT
To understand star formation in galaxies, we investigate the star formation rate (SFR) surface den-
sity (ΣSFR) profiles for galaxies, based on a well-defined sample of 976 star-forming MaNGA galaxies.
We find that the typical ΣSFR profiles within 1.5Re of normal SF galaxies can be well described by
an exponential function for different stellar mass intervals, while the sSFR profile shows positive gra-
dients, especially for more massive SF galaxies. This is due to the more pronounced central cores or
bulges rather than the onset of a “quenching” process. While galaxies that lie significantly above (or
below) the star formation main sequence (SFMS) show overall an elevation (or suppression) of ΣSFR
at all radii, this central elevation (or suppression) is more pronounced in more massive galaxies. The
degree of central enhancement and suppression is quite symmetric, suggesting that both the elevation
and suppression of star formation are following the same physical processes. Furthermore, we find
that the dispersion in ΣSFR within and across the population is found to be tightly correlated with the
inferred gas depletion time, whether based on the stellar surface mass density or the orbital dynamical
time. This suggests that we are seeing the response of a simple gas-regulator system to variations
in the accretion rate. This is explored using a heuristic model that can quantitatively explain the
dependence of σ(ΣSFR) on gas depletion timescale. Variations in accretion rate are progressively more
damped out in regions of low star-formation efficiency leading to a reduced amplitude of variations in
star-formation.
Subject headings: galaxies: general – methods: observational
1. INTRODUCTION
It has long been established that most star-forming
(SF) galaxies lie on a narrow sequence in the stellar
mass-star formation rate (SFR) plane, with a scatter
of ∼0.3 dex in the specific star-formation rate (sSFR).
This has been established both in the local universe and
up to at least z ∼ 3. This tight relation is widely
known as the star formation Main Sequence (SFMS; e.g.
Brinchmann et al. 2004; Daddi et al. 2007; Noeske et al.
2007; Salim et al. 2007; Elbaz et al. 2011). Galaxies that
lie significantly above, or below, the SFMS are forming
stars more, or less, actively than “normal” SF galaxies
of the same stellar mass. There is also a large popu-
lation of galaxies with SFR that are one or more dex
below the SFMS. They are usually defined as quenched
or “passive” galaxies. Despite this progress in defining
the star-formation properties of galaxies across the pop-
ulation, the questions of how, when and where the SFR
of galaxies is elevated, suppressed or even quenched are
still not well understood, either observationally or theo-
retically.
Many mechanisms have been proposed to account for
the elevation or suppression (including quenching) of star
formation in galaxies. These mechanisms can be gener-
ally categorized into two types: internal processes and
externally driven environmental effects. Both of these
may produce either a change in the cold gas content
or a change in the star formation efficiency (SFE), de-
fined as the SFR per unit mass of cold gas. Internal
processes that may enhance the star formation include
disk instabilities (Dekel & Burkert 2014; Zolotov et al.
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2015; Tacchella et al. 2016a), the existence of bars
(Wang et al. 2012; Lin et al. 2017; Chown et al. 2018),
and positive feedback from an AGN (Silk & Nusser 2010;
Mahoro et al. 2017; Kalfountzou et al. 2017), usually via
an increase in the SFE. For instance, the radial inflow of
cold gas would lead to an increase of gas density in the in-
ner region of galaxies and further an increase of SFE, ac-
cording to the Kennicutt-Schmidt law (Kennicutt 1998).
However, internal processes may also suppress star for-
mation, either through galactic winds driven by stellar
feedback (e.g. Ceverino & Klypin 2009; Muratov et al.
2015; El-Badry et al. 2016), through negative AGN feed-
back (Nulsen et al. 2005; McNamara & Nulsen 2007;
Fabian 2012; Cicone et al. 2014) and through so-called
morphological quenching (Martig et al. 2009), either by
stripping (or heating) the cold gas, or stabilizing the
gas disk against star formation. Environmental pro-
cesses, such as tidal or ram-pressure stripping (e.g.
Gunn & Gott 1972; Moore et al. 1996; Abadi et al. 1999;
Poggianti et al. 2017), or the interactions and mergers
of galaxies (e.g. Conselice et al. 2003; Cox et al. 2006;
Smethurst et al. 2015), can both enhance the star for-
mation on a relative short timescale by compressing the
cold gas and causing the gas disk instabilities to enhance
the SFE, but subsequently then suppress the star for-
mation on longer timescales by removing the cold gas
reservoir and/or exhausting the cold gas.
Observationally, the degree of star formation activ-
ity or quiescence of galaxies has been found to be
closely related to many galaxy properties, such as the
stellar mass, the host halo mass, the position in the
host halo and structural properties (e.g. Weinmann et al.
2006; van den Bosch et al. 2008; Peng et al. 2010, 2012;
Knobel et al. 2015; Wang et al. 2018c,d). However, it is
still unclear which is the driving physical parameter for
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quenching. On the one hand, the fraction of quenched
galaxies in the population is found to be most closely
related to the bulge mass or the central stellar mass
surface density (e.g. Bell et al. 2012; Wake et al. 2012;
Fang et al. 2013; Omand et al. 2014; Barro et al. 2017),
which is often taken as evidence that the internal struc-
ture of galaxies must play a major role in quenching star
formation. On the other hand, Lilly & Carollo (2016)
have suggested that the apparent close relationship be-
tween the inner structural properties and the quenched
fraction of galaxies may not be fundamental at all. They
showed that this close correlation can be naturally gen-
erated from the observed evolution of the size-mass rela-
tion of SF galaxies without invoking any physical links
at all between inner structural properties and quench-
ing. Interestingly, their toy model can also broadly re-
produce the observed gradients of specific star formation
within galaxies caused by the inside-out assembly of star-
forming galaxies.
This emphasizes that, although the overall sSFR of a
galaxy is clearly the (only) indicator of quenching, study
of the sSFR gradients within galaxies may not be relevant
for understanding the quenching process, because they
can arise from quite unrelated processes. In this paper,
we therefore focus primarily on the SFR gradients (i.e.
the radial dependence of the surface density of SFR),
rather than sSFR gradients, as a more reasonable and
direct way to investigate the star formation, and possible
quenching, in galaxies.
The widespread deployment of integral field spec-
trographs (IFS) is producing many spatially resolved
spectroscopic surveys of relatively nearby galaxies, such
as MaNGA (Bundy et al. 2015; Blanton et al. 2017),
CALIFA (Sa´nchez et al. 2012) and SAMI (Croom et al.
2012). These all show the well-known fact that
galaxies with stellar mass greater than 1010M⊙ gener-
ally exhibit older stellar population in galactic centers
than outward regions (e.g. Pe´rez et al. 2013; Li et al.
2015; Ibarra-Medel et al. 2016; Goddard et al. 2017;
Wang et al. 2018b; Rowlands et al. 2018), suggesting an
inside-out build-up of massive galaxies. This inside-out
growth scenario is also required by the observed fact that
the size of galaxies has been increasing over time (e.g.
Toft et al. 2007; Williams et al. 2010; Newman et al.
2012; van der Wel et al. 2014; Shibuya et al. 2015). The
question then is whether the bulge or stellar core can
fully account for the positive sSFR profile in massive SF
galaxies. By studying the sSFR profile for 814 SF and
partially quenched galaxies, Belfiore et al. (2018) found
that the sSFR profiles in partially quenched galaxies are
suppressed at all galactocentric distance out to 2 effective
radius compared to the SF galaxies of same mass. They
further pointed out that the sSFR suppression is not sim-
ply due to the contribution of a massive bulge. Consis-
tent with this, Wang et al. (2018b) found that massive
SF galaxies, with or without significant bulges, show
strong gradients of sSFR, as indicated by the 4000 A˚
break and Hα equivalent width. This suggested that the
presence of a central dense object is not a main driving
parameter of quenching, and that an inside-out cessation
of star formation (distinct from the inside-out assembly
picture) might be indicated. A critical examination of
this idea is the major motivation for the current study.
Thanks to the new IFS surveys, there have been
many recent studies of the radial profile of the sur-
face density of star-formation, ΣSFR(r), in galaxies
(e.g. Gonza´lez Delgado et al. 2016; Nelson et al. 2016;
Ellison et al. 2018; Spindler et al. 2018; Guo et al. 2019;
Medling et al. 2018). By studying the ΣSFR of several
hundred galaxies selected from MaNGA, Ellison et al.
(2018) found that galaxies significantly above the SFMS
exhibit SFR enhancement at all galactocentric radii with
the highest enhancement in the center. They also find
that galaxies below 1 dex of the SFMS exhibit SFR sup-
pression at all radii with the greatest suppression at the
center. Similarly, Spindler et al. (2018) identified a bi-
modal distribution of sSFR profiles of MaNGA galaxies,
namely centrally suppressed and centrally unsuppressed
galaxies. Similar results are also found in high redshift
galaxies. By using the Hα maps for a sample of 3200
SF galaxies at redshift of ∼1, Nelson et al. (2016) found
a “coherent star formation” across the SFMS: galaxies
above the SFMS exhibit enhanced Hα emission at all
radii, especially in the center, while galaxies below the
SFMS exhibit suppressed Hα emission at all radius espe-
cially in the center with respect to normal SFMS galax-
ies.
Despite many works on the resolved star formation of
galaxies, a satisfactory picture to understand the boost-
ing and suppression, or even quenching, of star formation
in galaxies is still lacking. In this paper, we construct
the SFR surface density profiles in galaxies across the
SFMS using the MaNGA released data (Abolfathi et al.
2018) and present a more general perspective to under-
stand both the elevation and the suppression of SFR
in galaxies, and which can simultaneously explain the
dependence of the fluctuation of ΣSFR on global stellar
mass and on galactocentric distance. We construct a
toy model to quantitatively explain the variation of star
formation rates in galaxies, both from galaxy to galaxy
and radially within galaxies. While we do not explicitly
consider quenching per se, our model may naturally ex-
plain the apparent inside-out quenching without invoking
AGN feedback or other morphology-related processes, in
terms of driving processes that are not themselves ra-
dially dependent. Our main observational result in star
formation rate suggests that both increases and decreases
are primarily governed by the same general process of
gas-regulation.
Much of the interpretation developed in this paper will
be based on the “gas regulator” model of galaxies from
Lilly et al. (2013) and its response to variations in the in-
flow rates. This gas regulator model is somewhat differ-
ent from the so-called “bath-tub” model of galaxies (e.g.
Bouche´ et al. 2010; Dave´ et al. 2012). Although both
are based on the same fundamental continuity equation,
reflecting the conservation of mass, in the “bath-tub”
model, the mass of gas in the “reservoir” in the galaxy
is not allowed to change, i.e. M˙gas = 0. It is there-
fore not able to regulate the star-formation rate. The
gas regulator model allows the gas mass to change. One
consequence of this difference is that the gas regulator
model of Lilly et al. (2013) produces a mass-metallicity
relation that analytically has the SFR (or equivalently
the gas fraction) as a second parameter. Therefore, it
produces an analytic form of a Fundamental Metallicity
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Relation (FMR; Mannucci et al. 2010), in which the form
of the FMR reflects only the parameters of the regulator
system, specifically the star-formation efficiency and the
mass-loading of a wind. In the current paper, we will
see that it is precisely the dynamic response of the gas
regulator to changes in the inflow rate that is of interest
and which will underly the interpretation of the paper.
The paper is structured as follows. In Section 2, we
present the details of sample definition, spectral fitting
and the measurement of parameters. In Section 3, we
present the SFR, sSFR and stellar surface density pro-
files of normal main sequence galaxies, as well as the SFR
profiles of galaxies that are significantly above and be-
low the SFMS. We further construct a quantitative toy
model in Section 4 to explain the observed result. In
Section 5, we discuss the implications and speculations
of our interpretation for the observational result. We
summarize this work in Section 6. Throughout this pa-
per, we assume a flat cold dark matter cosmology model
with Ωm = 0.27, ΩΛ = 0.73 and h = 0.7 when computing
distance-dependent parameters.
2. OBSERVATIONAL DATA
2.1. Sample selection and definition
As one of the largest on-going IFS surveys, MaNGA
aims at obtaining the 2-dimensional spectra for ∼10,000
galaxies with redshifts in the range of 0.01 < z < 0.15
by the year 2020 (Bundy et al. 2015). Utilizing the two
dual-channel BOSS spectrographs at the 2.5 Sloan Tele-
scope (Gunn et al. 2006; Smee et al. 2013), MaNGA is
able to cover wavelengths of over 3600-10300A˚ at R∼2000
and reach a target r-band S/N=4-8 (A˚−1 per 2 arcsec
fiber) at 1-2Re with a typical integration time of 3 hr.
The MaNGA IFS includes 12 seven-fiber “mini-bundles”
for flux calibration and 17 science bundles of five differ-
ent sizes with the corresponding on-sky diameters rang-
ing 12 to 32 arcsec, on the Sloan 3 degree diameter field
of view (Drory et al. 2015). Flux calibration mainly ac-
counts for the flux loss due to atmospheric absorption
and instrument response, and is accurate to better than
5% for more than 89% of MaNGA’s wavelength range
(Yan et al. 2016). The typical effective spatial resolution
of the MaNGA data cubes can be described by a Gaus-
sian with FWHM∼2.5 arcsec (Law et al. 2015, 2016).
In the MaNGA sample design and optimization, three
samples are defined: the primary, secondary and color-
enhanced samples. The primary and secondary samples
are selected to have a flat distribution of i-band absolute
magnitude with the assigned IFS bundles covering 1.5Re
and 2.5Re, respectively. The color-enhanced sample is se-
lected to increase the fraction of rare populations in the
color-magnitude diagram, such as low-mass red galaxies
and high-mass blue galaxies.
The sample of galaxies used in this work are selected
from a sample of 1917 MaNGA galaxies in Wang et al.
(2018b), which are originally derived from the MaNGA
primary and secondary samples of SDSS Data Release 14
(Abolfathi et al. 2018), excluding the mergers, irregulars
and heavily disturbed galaxies (∼ 13%). Based on these
1917 galaxies, we further exclude ∼ 11.4% of galaxies
in which the median S/Ns of 5500A˚ continuum are less
than 3.0 at the effective radius of the galaxy in question,
which results in a set of 1698 galaxies. Figure 1 shows
Fig. 1.— The star formation main sequence for the sample
galaxies selected from MaNGA. The red solid line is the demar-
cation line for SF galaxies and quenched galaxies, which is taken
from Belfiore et al. (2018). The blue data points show the median
SFR<Re of SF galaxies in different stellar mass bins. The black
solid line shows the best-fit line to the median SFR<Re-M∗,<Re
relation of the sample galaxies with M∗,<Re< 10
10M⊙. The two
dashed lines show the typical scatter of the SFMS of 0.33 dex, and
are used to define different samples in this work.
the relation of stellar mass and SFR measured within Re
(M∗,<Re-SFR<Re) for these galaxies. The M∗,<Re and
SFR<Re are obtained by integrating the stellar mass and
SFR of all the spaxels within Re. These quantities within
Re are used as the representatives of the overall stellar
mass and SFR throughout the current work, but they
are of course a factor of roughly two less than the actual
integrated value. The determination of the stellar mass
and SFR of each spaxel are presented in Section 2.2 and
2.3.
As expected, the galaxies are bimodally distributed on
the M∗,<Re-SFR<Re diagram. The red line separates
the populations of galaxies that we define to be “star-
forming” and “quenched”. For simplicity, this is taken
from Belfiore et al. (2018) and is located 1.0 dex below
the SFMS of the MaNGA galaxies with SFR and stel-
lar mass determined by integrating within an aperture
of 2.5Re. According to this demarcation line, there are
976 SF galaxies and 722 quenched galaxies. We note that
the quenched population also exhibits a tight correlation
in Figure 1, but this is an artificial effect derived from
the methodology used in Section 2.3. The SFR measure-
ments for quenched galaxies should not be fully trusted
(details see 2.3). In the current work, we will only con-
sider the SF galaxies (above the red line) and their ΣSFR
profiles to investigate the rules governing the elevation
and suppression of star formation.
To define the SFMS, we compute the median M∗,<Re-
SFR<Re relation of SF galaxies as a function of mass.
This is shown with blue circles. We fit the median
relation at the low mass end (M∗,<Re < 10
10M⊙)
with a straight line denoted with the black solid line:
log10SFR<Re= 0.71×log10M∗,<Re−7.27. This solid line
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is nearly parallel to the red line in Figure 1, indicating
that the slope of our SFMS is quite similar to that of
Belfiore et al. (2018). We refer to this black straight line
as the “nominal SFMS” in the following analysis of this
paper.
The representative scatter of the SF galaxies on
M∗,<Re-SFR<Re diagram is 0.33 dex, indicated by two
dashed lines. This is calculated as the median of the
scatter at different stellar masses. Based on Figure 1,
we then define a parameter ∆SFR to be the deviation of
a given galaxy from the straight-line nominal SFMS. In
other words this quantifies by how much the overall star
formation in a galaxy is elevated or suppressed with re-
spect to the “typical” galaxy at the same stellar mass as
defined by the straight solid black line in Figure 1 (and
not the curved blue line).
Furthermore, we then divide galaxies into four sub-
samples based on their ∆SFR: galaxies with 0.33 <
∆SFR, 0.0 < ∆SFR< 0.33, −0.33 < ∆SFR< 0.0 and
∆SFR< −0.33. According to the definition, galaxies
with 0.33 < ∆SFR are the galaxies with a significant
elevation of star formation (referred as ESFGs), while
galaxies with ∆SFR< −0.33 are the galaxies with a sig-
nificant suppression of star formation (referred as SS-
FGs). Galaxies within 0.33 dex of the nominal SFMS
(i.e. between the black dashed lines) are referred as NS-
FGs.
2.2. Spectral fitting
The spectral fittings are done to obtain the emission
line fluxes spaxel-by-spaxel, following the same method
as described in Li et al. (2015) and Wang et al. (2018b).
To model the stellar continuum and absorption lines,
we use the χ2 minimization spectral fitting code devel-
oped by Li et al. (2005) assuming the Cardelli-Clayton-
Mathis (CCM) attenuation curve (Cardelli et al. 1989).
This code is efficient and stable, especially for spectra
of low signal-to-noise ratio (S/N). More importantly, it
can effectively mask the emission-line regions by itera-
tion during the fitting, which is critical to accurately
model the absorption pits and further obtain the SFR
based on the emission lines (see examples in Li et al.
2015). The input templates are a set of nine galactic
eigenspectra constructed based on the observed galac-
tic spectra using the technique of principal component
analysis. We refer the readers to Li et al. (2005) and
Li et al. (2015) for a detailed description of the templates
and tests of the spectral fitting results. We then mea-
sure the emission lines based on the stellar component-
subtracted spectrum by fitting a Gaussian profile to these
lines. However, the code developed by Li et al. (2005) is
unable to provide the stellar mass of the spaxels. Thus,
in this work the stellar mass map of the sample galax-
ies are derived from a public fitting code STARLIGHT
(Cid Fernandes et al. 2004). The templates used in the
STARLIGHT fitting are a base of 45 single stellar popu-
lations from Bruzual & Charlot (2003) with a Chabrier
(2003) initial mass function (IMF), which are evenly dis-
tributed on an age-metallicity grid with 15 ages ranging
from 1 Myr to 13 Gyr and 3 different metallicities (Z =
0.01, 0.02, 0.05). In order to obtain the reliable measure-
ments of SFR and stellar mass, only spaxels with S/N
greater than 3 in the continuum at 5500A˚ are considered
in this work. Throughout this work, all the measure-
ments of physical properties, such as stellar mass and
SFR, are based self-consistently from the MaNGA data
alone, avoiding any potential inconsistencies that could
be introduced by considering other data such as the SDSS
single-fiber spectra.
2.3. SFR determination
The Hα emission in galaxies can be contributed by
many things, such as the star formation, the hot evolved
stars on the post-asymptotic giant branch, shocks in in-
teractions or mergers, and AGN activity in the centers
of galaxies (Belfiore et al. 2016; Zhang et al. 2017; Yan
2018). Usually for SF spaxels, the Hα emission is mainly
due to the star formation activities, so that the Hα emis-
sion can be a good tracer for SFR. However, in case that
the Hα emission is not dominated by the star formation,
simply using the Hα to trace star formation would overes-
timate the SFR. In this work, we adopt the same method
as in Brinchmann et al. (2004) to correct the measure-
ments of SFR for the AGN regions and LINERs2.
The left panel of Figure 2 presents the Baldwin-
Phillips-Terlevich (BPT) diagram (e.g. Baldwin et al.
1981; Kewley et al. 2006) for the whole set of spax-
els with the signal-to-noise ratio of the relevant emis-
sion lines greater than 3.0. The demarcation lines
from Kewley et al. (2001) and Kewley et al. (2006) sep-
arate spaxels into three classes: SF regions, LINERs
(or LIERs; see Belfiore et al. 2016) and AGN regions.
For spaxels located in the SF regions, the SFR is cal-
culated by the extinction-corrected Hα luminosity us-
ing the conversion formula from Kennicutt (1998) with
a Chabrier (2003) IMF, the same IMF used to derive
the stellar mass. The fluxes of emission lines are cor-
rected for the intrinsic extinction based on the Balmer
decrement assuming the CCM dust attenuation curve
and the case B recombination with the intrinsic flux ra-
tio of Hα/Hβ=2.86. For spaxels located in the LINER
and AGN regions, the star formation is no longer well
traced by the Hα emission. We then apply an estima-
tion based on the SF spaxels following the method of
Brinchmann et al. (2004). The right panel of Figure 2
shows the 4000 A˚ break versus the sSFR for SF spax-
els. The 4000 A˚ break is measured based on the best-
fitting stellar spectra by the method of Li et al. (2005),
which exhibits a tight correlation with the sSFR with
median scatter of 0.28 dex. For spaxels located in LIN-
ERs and AGN regions, we use the median relation of
Dn(4000)-sSFR indicated by the blue solid line to esti-
mate the SFR. We note that using this method would
naturally lead to the tight correlation between SFR and
stellar mass for quenched galaxies (see Section 2.1), since
quenched galaxies usually have a small range of Dn(4000)
and thus a derived small range of sSFR.
2.4. Normalization to the sizes of galaxies
Even at a fixed stellar mass, SF galaxies exhibit a
range of size with a scatter of 0.2 dex (Shen et al. 2003;
Trujillo et al. 2006; van der Wel et al. 2014), as param-
eterized by the effective radius (Re), taken from the
NASA-Sloan-Atlas3 (NSA; Blanton et al. 2011). This
2 Low-ionization nuclear emission-line regions
3 http://www.nsatlas.org
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Fig. 2.— Left panel: the log10([SII]/Hα) − log10([OIII]/Hβ) diagram for all the spaxels. The gray-scale represents the number density
of the spaxels in this diagram in logarithmic space. The blue and red lines are taken from Kewley et al. (2001) and Kewley et al. (2006) to
separate the spaxels in SF, LINER or AGN regions. Right panel: the Dn(4000)-sSFR relation for all the SF spaxels. The blue data points
show the median sSFR at given Dn(4000) bins with the error bars indicating the scatter.
variation in size may reflect differences in angular mo-
mentum etc., but this will not be a focus of this paper.
Rather the variation of size raises issues on how to com-
pute and present radial profiles of surface density quan-
tities in a way that is, as much as possible, independent
of the different sizes of the galaxies under study.
Of course, it is relatively straightforward to plot pro-
files as a function of the normalized radius r/Re. But in
so doing, it is then sensible to also plot a normalized sur-
face density, i.e. a surface density that is computed as the
mass (or star-formation rate) in an area that itself scales
as Re
2. This ensures that the (visual) integration of a
profile on a given surface density-radius diagram reflects
the actual integrated quantity in physical terms. As an
example, the profiles of two galaxies that both have (pre-
cisely) exponential profiles of ΣSFR but which differ by a
factor of two in their overall SFR will be displaced by a
factor of two in plots of ΣSFR vs. r/Re, independent of
the sizes Re of the two galaxies, if the ΣSFR is computed
per area scaled as Re
2.
In plotting the data, and in considering relative surface
density profiles, we therefore always compute the surface
density as the mass (or star-formation rate) per area of
(0.2Re)
2. It should be noted that, when considering,
later in the paper, the physical surface density and its
role in determining the star-formation efficiency, we will
calculate the real physical surface density, i.e. the mass
per kpc2.
3. RESULTS
In this section, we present the typical SFR profiles for
NSFGs (-0.33 < ∆SFR <0.33 dex), as well as the SFR
profiles for galaxies that lie significantly above and below
the SFMS to understand where the boosting, or suppres-
sion, of star formation occurs in the galaxy.
3.1. Typical SFR profiles at different stellar masses
The SFR and stellar mass are two basic properties
of galaxies, reflecting the instantaneous rate of increase
of the stellar mass and how many stars have been
formed in the past. The tight SFMS at both low
and high redshift implies that the bulk of star forma-
tion in the Universe occurs in a quasi-steady state (e.g.
Brinchmann et al. 2004; Daddi et al. 2007; Noeske et al.
2007; Salim et al. 2007; Elbaz et al. 2011). Not only
the global SFR and stellar mass are strongly corre-
lated: the local SFR surface density has also been
found to tightly correlate with the local stellar mass
surface density with a similar scatter of 0.3-0.4 dex as
seen in the integrated quantities (Cano-Dı´az et al. 2016;
Abdurro’uf & Akiyama 2017; Liu et al. 2018). This sug-
gests the existence of quasi-steady state in governing star
formation within galaxies and the scatter reflecting the
oscillation of this quasi-steady state. Motivated by this,
we study the ΣSFR and Σ∗ profiles of galaxies on the
SFMS, which may shed light on the basic rule of how
galaxies assemble their stellar mass.
We first present the median ΣSFR profiles for all the
individual galaxies. This is shown in Figure 3. We
separate galaxies in five bins of stellar mass and show
by different colors their positions relative to the over-
all nominal SFMS. Specifically, galaxies are divided into
five stellar mass intervals of the same width of 0.5 dex
in logarithmic space from log10M∗,<Re/M⊙ = 8.5 to
log10M∗,<Re/M⊙ = 11.0. In each stellar mass bin,
we separate galaxies into four subsamples according to
the distance with respect to the nominal SFMS, ∆SFR
(see Section 2.1). The ΣSFR profile for each individual
galaxy is generated based on the 2-dimensional ΣSFR
maps, as follows. For a given galaxy, we compute the
deprojected radius from the center of the galaxy based
on the minor-to-major axis ratio from the NSA catalog
(Blanton et al. 2011). We also correct the observed mass
(or star-formation rate) per spaxel for this same inclina-
tion effect.
We divide the spaxels into a set of non-overlapping ra-
dial bins with a constant interval of de-projected radius
∆(r/Re) = 0.2. The radial profiles of Σ∗ and ΣSFR are
then determined by computing the median value of these
quantities in the spaxels falling in each radial bin. Re-
gions of the galaxy that lie outside of the MANGA field
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Fig. 3.— The median ΣSFR profile for individual galaxies. The sample galaxies are divided into four subsamples according to their
locations on the SFMS: 0.33 < ∆SFR (blue lines), 0.0 < ∆SFR< 0.33 (green lines), −0.33 < ∆SFR< 0.0 (yellow lines), and ∆SFR< −0.33
(red lines). For each subsamples, we also separate galaxies into five stellar mass bins of the same width in logarithmic space, which are
8.5<log10M∗,<Re<9.0, 9.0<log10M∗,<Re<9.5, 9.5<log10M∗,<Re<10.0, 10.0<log10M∗,<Re<10.5, and 10.5<log10M∗,<Re<11.0, respec-
tively. In each panel, the profiles are plotted in a random order to avoid one color dominating.
Fig. 4.— The median profiles of ΣSFR (left panel), Σ∗ (middle panel), and sSFR (right panel) for the sample galaxies within 0.33 dex of
the nominal SFMS at the five stellar mass bins, i.e. NSFGs. Galaxies are separated into the same five stellar mass bins as in Figure 3. The
dashed line are the linear fittings of these profiles at different radius intervals. The ΣSFR profiles are fitted within 1.5Re, the Σ∗ profiles
are fitted within 1.0-2.0Re, and the sSFR profile are fitted within Re. The fitting results are listed in Table 1.
of view are simply ignored. Spaxels that have a con-
tinuum S/N<3 at 5500A˚ are simply considered to lie at
the bottom of the distribution in both stellar mass and
SFR in computing the median. However, we ignore com-
pletely any radial bins in which more than 30% of the
spaxels have S/N<3 at 5500A˚. For the sSFR profiles, we
first compute the sSFR in each individual spaxel based
on the SFR and stellar mass in that spaxel. In comput-
ing the median sSFR, we again do not consider spaxels
with S/N<3 at 5500A˚ but now compute the median from
the remaining spaxels, and not from the full set as above
(since sSFR as a relative quantity will be less biassed by
the S/N cut).
As shown in Figure 3, the ΣSFR profile varies from
galaxy to galaxy. As would be expected, there is a clear
trend for the decrease of the ΣSFR from the upper envelop
to the bottom envelop of the SFMS. The ΣSFR profiles
of the sample galaxies however exhibit a large variation,
especially for SSFGs lying significantly below the overall
main sequence (shown in red). The NSFGs within 0.33
dex of the nominal SFMS appears to show smaller vari-
ation in ΣSFR profile than SSFGs, suggesting that the
star formation in these NSFGs is likely in a quasi-steady
state with rare elevation or suppression of star forma-
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TABLE 1
The slope and intercept of ΣSFR, Σ∗ and ΣsSFR profiles shown in Figure 4
ΣSFR(r) [r < 1.5Re] Σ∗(r) [r > Re] ΣsSFR(r) [r < Re]
log10M∗,<Re/M⊙ Slope Intercept Slope Intercept Slope Intercept
[8.5− 9.0] -0.52 -2.66 -0.44 7.02 0.17 -9.93
[9.0− 9.5] -0.55 -2.27 -0.53 7.52 0.24 -10.07
[9.5− 10.0] -0.60 -1.91 -0.69 8.13 0.32 -10.31
[10.0− 10.5] -0.65 -1.53 -0.80 8.68 0.46 -10.51
[10.5− 11.0] -0.65 -1.26 -0.76 9.00 0.70 -10.80
tion. This suggests that the NSFGs can serve as a good
reference when studying the elevation or suppression of
star formation in galaxies lying further above or below
the SFMS.
We now construct a median ΣSFR profile for the NSFGs
(within 0.33 dex of the nominal SFMS) by calculating the
median ΣSFR for all the NSFGs in this sample that had
measurements at these radii. Thus, some galaxies may
be not included in calculating the median ΣSFR profile at
large radii (r >1.0Re), because of missing measurements
of SFR. While these galaxies only account for 6.6% of
the whole population, we have examined that our ba-
sic result does not change with excluding these galaxies.
Figure 4 shows the median ΣSFR, Σ∗ and sSFR profiles
for these NSFGs (-0.33< ∆SFR< 0.33 dex) at the same
five different stellar mass bins, denoted in the top right
corner of each panel.
As shown in the left panel of Figure 4, the median SFR
profiles for the NSFGs in the five stellar mass intervals
can be well fitted by a straight line out to 1.5Re, indi-
cating a pure exponential profile. With increasing stellar
mass, the slope of the ΣSFR profile (in the left panel)
becomes slightly steeper from -0.52 to -0.65. These dif-
ferent slopes in Figure 4 reflect small differences in the
ratio of the exponential scale length of the Hα emission
(used to trace the ΣSFR) to the effective radius of the
r-band light that was used to normalize the radii. If we
had normalized the radii to the Hα scale length, then
these profiles would be exactly parallel, with a slope of
-0.43.
However, the Σ∗ profiles (in the middle panel) can
clearly not be simply characterized by an exponential
function. With increasing stellar mass, the inner slope
of Σ∗ profiles are obviously becoming steeper due to the
presence of a central stellar core, or bulge. This leads to
increasingly positive sSFR gradients for the galaxies of
higher stellar mass in the right panel of Figure 4.
This makes clear that the positive sSFR gradients in
the inner regions (within Re) of massive galaxies may
have nothing to do with the suppression of star forma-
tion or quenching, since the galaxies used to generate
the Figure 4 are NSFGs, and there is no evidence for
star formation suppression in the sense that the ΣSFR
profiles are pure exponential into the inner regions of
massive galaxies, as seen from the left panel of Figure 4.
In addition, it can be seen that, for all the mass bins, the
slopes of the median Σ∗ profiles at radii greater than Re
are comparable to the slopes of the median ΣSFR profiles,
resulting in nearly flat sSFR profiles at radii greater than
Re, as shown in the right panel.
We conclude that the positive sSFR profiles for NS-
FGs, especially at high masses, do not provide any infor-
mation about star formation quenching, but reflect the
combination of an exponential SF disk plus a pronounced
stellar core or bulge in massive galaxies. The more and
more positive gradients of sSFR with increasing stellar
mass only indicates the greater prominence of the stellar
core or bulge in more massive NSFGs. The presence of a
substantial older population of stars in galaxies is a natu-
ral consequence of inside-out assembly (e.g. Larson 1976;
Chiappini et al. 2001; Pezzulli et al. 2015). In agreement
with this, many papers based on the resolved spectro-
scopic analysis of galaxies demonstrates that the stellar
population is much older in the inner regions than in the
outer regions for massive SF galaxies with stellar mass
greater than 1010M⊙(e.g. Pe´rez et al. 2013; Li et al.
2015; Ibarra-Medel et al. 2016; Wang et al. 2017, 2018b).
Lilly & Carollo (2016) showed that significant sSFR gra-
dients were achieved in a toy model based on the observed
evolution of the size-mass relation of star-forming galax-
ies. The positive sSFR gradients may well have nothing
whatsoever to do with star formation quenching.
Rather, a less confusing way to study star formation
elevation or suppression within galaxies is to directly ex-
amine the ΣSFR profiles rather than the sSFR gradients
of galaxies. We turn to this in the next subsection.
3.2. The variations of ΣSFR profile at different stellar
masses
In the previous subsection, we have presented the typi-
cal ΣSFR profiles for NSFGs at different stellar mass bins.
In this subsection we try to answer where in the galaxy
the elevation or suppression of star-formation occurs for
those galaxies lying further above or below the SFMS,
by investigating the ΣSFR profiles for the ESFGs (∆SFR
> 0.33 dex) and the SSFGs (∆SFR < −0.33 dex). The
top group of plots in Figure 5 show the median ΣSFR
profiles for ESFGs, SSFGs compared with NSFGs in the
usual five stellar mass intervals. The width of each pro-
file is calculated using the boot-strap method from the
sample in question. The dashed lines are taken from the
left panel of Figure 4 as reference.
As shown, a first order result is that the median ESFG
profiles exhibit enhanced star formation levels over the
whole range of galactocentric distance (at least up to
1.5Re as we investigated here) and over the whole stel-
lar mass range we considered. Similarly, SSFGs exhibit
suppressed star formation levels over the whole range of
galactocentric distance and over the whole stellar mass
range.
There is an additional effect in that ESFGs or SS-
FGs show more enhanced or suppressed star formation
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Fig. 5.— Top group of panels: The median ΣSFR profile for galaxies at given stellar mass and given ∆SFR. The dashed lines in each
panel are taken from the left panel of Figure 4. Bottom group of panels: The median ∆ΣSFR profile for galaxies at given stellar mass
and given ∆SFR. The NSFGs are divided into two subsamples according to ∆SFR. In each panel, the dotted horizontal lines represent
∆ΣSFR=0, -0.33 and 0.33 dex, respectively. The stellar mass intervals are denoted at the top right corner of each panel.
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(respectively) in the central regions with respect to the
outer regions. This effect clearly becomes more and more
prominent with increasing stellar mass.
This can be seen more clearly by subtracting from each
profile the ΣSFR profile that would be expected for a
completely typical NSFG of the same mass. For each
individual galaxy, the ∆ΣSFR profile is defined as the
deviation from the median ΣSFR profile of the NSFGs
at the same stellar mass (See Figure 4). Since the ΣSFR
profile strongly depends on the stellar mass (see the left
panel of Figure 4), we calculate for each galaxy the ref-
erence ΣSFR profile by interpolating (in stellar mass) the
ΣSFR profiles shown in the left panel of Figure 4. The
result of this is shown in the bottom group of panels in
Figure 5, where the median ∆ΣSFR profiles are plotted
for ESFGs, SSFGs and NSFGs in the five stellar mass
bins. The dotted lines represent offsets of 0.33 dex in
∆ΣSFR corresponding to the offsets in the overall SFR
associated with the definition of the four categories of
star-forming galaxies.
As can again be seen, galaxies that are significantly
above the nominal SFMS show enhanced star formation
over the whole range of galactocentric distance, while
galaxies that are significantly below the nominal SFMS
show suppressed star formation again over the whole
galactocentric distance. Now it is more clearly visible
that, with increasing stellar mass, the star formation in
the central regions of ESFGs is relatively more enhanced,
and that of SSFGs is relatively more suppressed, relative
to the enhancement or suppression in the outer regions.
It is quite striking in Figure 5 that the inner elevation
and suppression of star formation in the ESFG and SS-
FGs is quite symmetric, especially in the highest mass
bin. In the two lowest stellar mass bins, the outer re-
gions of SSFGs also show strong suppression of star for-
mation, which is likely due to the environmental effects
(Medling et al. 2018), and we will show below that, after
removing the low-mass satellites, a better symmetry is
shown also at these lower masses (see Figure 8).
This result is broadly consistent with the work of
Ellison et al. (2018), who found that the SFR is enhanced
throughout the galaxies especially in the center for galax-
ies above the global main sequence, although they have
not examined the dependence on stellar mass. However,
for galaxies below the SFMS, they found that only galax-
ies that lie at least 1 dex below the normal SFMS exhibit
more suppressed star formation in the center than in the
outer regions. They also did not find the symmetry of
star formation elevation and suppression in galaxies for
galaxies below and above the SFMS. This difference with
our results may be due to the fact that 1) they did not
split by galaxy mass, 2) they defined the global SFMS
using the SFR from MPA-JHU4 catalog originally based
on the SDSS 3-arcsec fiber spectra, and 3) they did not
consider the contribution of LINERs in converting the
Hα emission to SFR.
Figure 6 presents the median sSFR profiles for ES-
FGs, SSFGs and NSFGs in the five stellar mass bins. As
shown, for galaxies with log10M∗,<Re/M⊙ < 10.0, the
sSFR profiles exhibit flat or positive gradients for all the
subsamples. While for galaxies with log10M∗,<Re/M⊙ >
10.0, galaxies show increasingly positive radial gradients
4 https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7
in sSFR when moving from the upper envelop of the
SFMS (ESFGs) down to the lower envelop of the SFMS
(SSFGs). It is noticeable that we do not find significant
negative sSFR gradients (in these median sSFR profiles)
in ESFGs over the whole stellar mass range we consid-
ered (except for an extremely weak negative gradient in
the ESFGs with 9.0<log10M∗,<Re/M⊙ <9.5). We have
also examined the sSFR profiles for individual galaxies
and find that galaxies with negative sSFR gradients are a
minor population (c.f. Pezzulli et al. 2015). In total 72%
of the sample galaxies show positive sSFR gradients, and
58% of ESFGs show positive sSFR gradients.
It is an obvious statement that galaxies with positive
sSFR gradients must be increasing their mass-weighted
sizes (e.g. their half-mass radii), and vice versa, neglect-
ing any subsequent stellar migration. We conclude that
despite their clearly elevated ΣSFR in their inner regions
(see Figure 5) even the ESFGs are nevertheless still in-
creasing their mass-weighted sizes as a whole, i.e. they
are growing “inside-out”.
Ellison et al. (2018) have interpreted the centrally con-
centrated star formation in ESFGs as a “galaxy com-
paction” phase. This has been originally proposed as
the contraction of cold gas along with central star-
burst activities at high redshift, triggered by violent
disk instabilities (Dekel & Burkert 2014; Zolotov et al.
2015), mergers and accretion of counter-rotating streams
(Danovich et al. 2015). Such “wet compaction” in high-
redshift galaxies usually leads to the shrinking of their
size during the rapid build-up of their stellar cores
or bulges (Zolotov et al. 2015; Tacchella et al. 2016a).
However, the word “compaction” may not be suitable
at low redshift, because the increase in the inner stellar
surface density of low redshift galaxies does not lead to
the overall shrinking of their size due to a typical positive
sSFR gradient (see Figure 6).
3.3. The dependence of ΣSFR fluctuation on gas
depletion time
By investigating the spatially resolved star formation
of 1494 MaNGA galaxies, Spindler et al. (2018) have
claimed that there is a population of centrally-suppressed
galaxies revealed by a bimodal distribution of the sSFR
profiles, and that high mass galaxies are more likely to
be centrally suppressed than low mass ones. We also find
that massive SSFGs show large positive sSFR gradients
as seen in Figure 6, but argue that the large positive
sSFR gradients are the combination effect of the more
suppressed SFR in galactic center and the early-formed
stellar cores.
Indeed, as shown in the previous section, when we look
at the ΣSFR profiles for galaxies above and below the
SFMS, we do not find that the centrally suppressed star
formation in SSFGs is any more striking than the cen-
trally elevated star formation in ESFGs. The nice sym-
metry of the elevation and suppression of star formation
in galaxies (see Figure 5) gives us a new perspective to
understand star formation: are the elevation and sup-
pression of star formation both governed by the same
physical principles? If so, it might be dangerous to asso-
ciate these with the one-way quenching process.
We now address the variation of ΣSFR within and
across galaxies in the context of a simple gas regulator
model. Lilly et al. (2013) have proposed a simple gas
10 Wang et al.
Fig. 6.— The median sSFR profile for galaxies at given stellar mass and given ∆SFR (the deviation from the nominal SFMS). Colors
and lines are the same as Figure 5.
Fig. 7.— The gas depletion time derived from the extended
Schmidt law (Shi et al. 2011, 2018) versus the gas depletion time
derived from the Silk-Elmegreen law (Elmegreen 1997; Silk 1997;
Krumholz et al. 2012). The grayscale represents the number den-
sity of spaxels of the sample galaxies. The blue data points show
the median relation between τdep(Σ∗) and τdep(τdyn), with the er-
ror bars representing the scatter of τdep(τdyn) at given τdep(Σ∗)
bins.
regulator model, which links the evolution of the cosmic
specific star formation rate, the metallicity-mass-SFR re-
lation and the stellar content of halos. The gas-regulator
model can account for the metallicity-mass-SFR relation
in the local universe, the evolving metallicity of SF galax-
ies at redshift of 2, and even the existence of the FMR
(Lara-Lo´pez et al. 2010; Mannucci et al. 2010). In this
model, the formation of stars is instantaneously regu-
lated by the mass of gas in the galaxy. In a steady state,
the gas regulator sets the sSFR of the galaxy to the spe-
cific accretion rate of gas onto the galaxy. Variations in
the infall rate produces variations in star-formation rate
by adjustments of the gas reservoir. According to this
simple physical basis, the Figure 3 of Lilly et al. (2013)
presents examples of the response of the gas regulator to
sudden changes in the accretion rate at different SFEs,
defined as the ratio of SFR to the cold gas mass (the
SFE is the inverse of gas depletion time, τdep). Sud-
den increases or decreases in the specific inflow rate of
cold gas (sMIRB; see Equation 16 in Lilly et al. 2013),
produces a reaction of the sSFR on a timescale that is
related to the gas depletion time. If changes in the in-
flow are very gradual, the sSFR will track the change of
sMIRB. But sudden changes of specific inflow rate, on
timescales that are short compared with the gas deple-
tion time scale will produce delayed responses of sSFR.
A prediction of this generic model is therefore that the
variation of SFR in galaxies, in response to variations in
the inflow rate, should depend on the ratio of the gas de-
pletion time and the timescale for the variation in inflow.
This is a very general expectation.
We therefore calculate the gas depletion time (the in-
verse of the SFE) of individual galaxies and investigate
the links of this with the variation of ΣSFR within and
across the population. We use two independent methods
to calculate the SFE of each individual spaxel in the sam-
ple galaxies: the extended Schmidt law (Shi et al. 2011,
2018) and the Silk-Elmegreen law (Silk 1997; Elmegreen
1997). Both give very similar results.
The extended Schmidt law, proposed by Shi et al.
(2011, 2018), is based on integrated observations of in-
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Fig. 8.— The same as the bottom panels of Figure 5 but now with color-coding the median gas depletion time derived from each galaxy as
a function of radius. Top group of panels are color-coded with the τdep(Σ∗) derived from the extended Schmidt law, while the bottom group
of panels are color-coded with the τdep(τdyn) derived from the Silk-Elmegreen law. Derived from Figure 5, in generating this figure, we
additionally exclude 135 satellite galaxies with stellar mass less than one fifth of its centrals to reduce the environmental effects (Wang et al.
2018c,d).
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dividual galaxies over five orders of magnitude in stel-
lar mass density, but was shown to also be applicable
for spiral galaxies at sub-kiloparsec resolutions and low-
surface-brightness regions. The extended Schmidt law
has the form
SFE
yr−1
= 10−10.28
(
Σ∗
M⊙pc−2
)0.48
, (1)
which shows that the SFE, defined as the SFR per unit
cold gas mass, depends only on the stellar mass surface
density. In contrast to the classical Kennicutt-Schmidt
law (e.g. Schmidt 1959; Kennicutt 1998), the extended
Schmidt law shows the role of existing stars in control-
ling the star-formation efficiency, which can be inter-
preted in terms of the free fall time of cold gas collapse
in a stellar-dominated potential (Talbot & Arnett 1975;
Dopita & Ryder 1994). As Shi et al. (2011) pointed out,
the ΣSFR can be written as: ΣSFR= ηΣgas/τff , where η
is the fraction of the cold gas that collapses into stars
and τff is the free-fall timescale of gas collapse. In a
stellar-dominated potential, the τff can be expressed as:
τff =
1
4
(
3pi
2Gρ∗
)0.5
=
1
4
(
3pih∗
G
)0.5
· Σ−0.5∗ , (2)
where ρ∗ is the stellar mass volume density, and h∗ is
the stellar scale height. Assuming the h∗ is constant,
Equation 2 naturally leads to SFE ∝Σ∗
0.5. Based on the
de-projected stellar mass surface density map, the SFE
(or gas depletion time) map of each individual galaxies
can be easily obtained using Equation 1.
Unlike the extended Schmidt law, the Silk-Elmegreen
law invokes the dynamical orbital timescale (τdyn) as
ΣSFR∝ Σgas/τdyn (Elmegreen 1997; Silk 1997). In this
law, the SFE is linearly proportional to τ−1dyn. We
therefore re-compute the SFE map for each individ-
ual galaxies based on the orbital timescale, adopting
ΣSFR= 0.1Σgas/τdyn as in Krumholz et al. (2012). We
first obtain the rotation curve of the gas disk based on the
gas velocity map from the Hα emission lines. For each
galaxy, the rotation curve is determined by the veloc-
ity of spaxels within a long slit of 3-arcsec width aligned
along the major axis. Then we correct for the inclination
effect on the rotation curve by dividing (1 − b2/a2)1/2,
where b/a is the minor-to-major axis ratio. Then the dy-
namical time of each spaxel is calculated as the orbital
time assuming a circular orbit.
We thus obtain, for each individual galaxy, two maps of
the gas depletion time (or SFE) based on the above two
approaches. It is important to note that the gas depletion
times in Figure 7-9 are derived from the assumed SFE
laws and are not based on the measurements of SFR and
gas density (the latter being not available). One may
worry that using the Dn(4000)-sSFR relation to estimate
the SFR in Section 2.3 would introduce systematic bias
for regions of high and low SFEs. We therefore examine
the dependence of Dn(4000)-sSFR relation on SFE, and
find that the SFR estimated by Dn(4000)-sSFR relation
would not introduce systematic bias for spaxels of low
and high SFEs.
The gas depletion time derived from the extended
Schmidt law is referred as τdep(Σ∗), and the gas depletion
time derived from the Silk-Elmegreen law is referred as
τdep(τdyn). Figure 7 compares the gas depletion timescale
of all individual spaxels derived by these two star forma-
tion laws, with the grayscale representing the number
density of spaxels at each point. The blue circles repre-
sent the median relation of τdep(Σ∗) and τdep(τdyn) with
the error bars set to be the scatter of τdep(τdyn) at a
given τdep(Σ∗). As shown, τdep(Σ∗) is broadly consis-
tent with τdep(τdyn). At high τdep(Σ∗) end (correspond-
ing to the low Σ∗), the gas depletion times based on
Shi et al. (2011) are larger than the measurements based
on the Silk-Elmegreen law. This is not surprising, be-
cause the extended Schmidt law is proposed to improve
the Kennicutt-Schmidt law for the galaxies or the re-
gions where the gravity is weak, such as the low-surface-
brightness galaxies. As pointed out in Shi et al. (2011)
and Shi et al. (2018), the outer regions of dwarf galaxies,
which are outliers of both the Kennicutt-Schmidt and
Silk-Elmegreen laws, also follow the extended Schmidt
law. Here we do not present more discussion for the sim-
ilarities and differences of these star formation laws (see
e.g. Bacchini et al. 2018, and references therein), since it
is beyond the scope of this work. We emphasize that our
basic result does not depend on which star formation law
is adopted (see Figure 8 and Figure 9 below).
We can then replot the bottom group of panels of Fig-
ure 5 with a color-coding to represent the median gas de-
pletion time. This is shown in Figure 8. The top group
of panels are color-coded with τdep(Σ∗), and the bottom
group of panels are color-coded with τdep(τtdy). Relative
to Figure 5, we take the opportunity to exclude those
galaxies that are satellites with stellar mass less than
one fifth5 of their centrals (Yang et al. 2007) to reduce
the importance of environmental effects (Wang et al.
2018c,d), such as tidal stripping etc. In addition it should
be noted that Medling et al. (2018) have also found that
galaxies in denser environments show a suppressed sSFR
from the outside in, probably caused by environmental
effects. This is in agreement with what we find in Figure
3 that some SSFGs show extremely suppressed star for-
mation at outer regions. Comparing the locus of curves
in Figure 8 with those in the original Figure 5 suggests
that indeed the impression of symmetry is strengthened
by this modification.
As shown in Figure 8, the variation in ΣSFR across the
star-forming galaxy population appears to be strongly
correlated with the derived gas depletion times, in all the
stellar mass bins, at all radii, regardless of which star
formation law we used. Regions with the smaller τdep
have the largest variation in ΣSFR across the population.
This agrees well with the prediction of the gas regu-
lator model that the sSFR should track the change of
specific accretion rate on a shorter timescale at higher
SFE, assuming that the variation of ΣSFR in galaxies is
determined by the variation in the accretion rate. We
explore this further in the next section.
To quantify the variation of ΣSFR, we next calculate
the scatter of ∆ΣSFR in a given radial bin for each of
the five stellar mass intervals. In order to reduce the
contribution from outliers (see Figure 3), we compute
5 The dependence of the quenched fraction on halo-centric dis-
tance is significant only for galaxies with stellar mass less than one
fifth of the masses of their centrals, suggesting that the environ-
mental processes are probably not the main drivers for quenching
these massive satellites (Wang et al. 2018c,d).
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Fig. 9.— Left panel: The scatter of ∆ΣSFR as a function of τdep(Σ∗) derived using the extended Schmidt law. Right panel: The scatter
of ∆ΣSFR as a function of τdep(τdyn) derived using the Silk-Elmegreen law. The different colors represent different stellar mass bins, as
denoted in the bottom-left corner. Data points with the radius larger than Re, are indicated in gray. Note that the x-axis of the left-hand
panel is exactly equivalent to the stellar surface density, as indicated in the top of the plot.
the scatter of ∆ΣSFR, σ(∆ΣSFR) , with a sigma-clipping
algorithm by iteratively rejecting points beyond 2.5σ.
Figure 9 presents the scatter of ∆ΣSFR as a function of
the median gas depletion time for each of the five stellar
mass bins. We note that each data point represents the
variation of ∆ΣSFR in a radial bin for galaxies at given
stellar mass, and the higher τdep usually corresponds to
the larger radii. For each data point, the σ(∆ΣSFR) is
calculated as the scatter of the median ∆ΣSFR at given
radial bin of all galaxies located in that stellar mass bin.
For the x-axis of Figure 9, we first calculate the median
τdep of all spaxels in a given radial bin of each individual
galaxy, and then x-axis of each data point in Figure 9
is the median of all galaxies in a given radial bin and a
given stellar mass bin.
Figure 9 shows the scatter of ∆ΣSFR in different radial
bins in different mass galaxies. It is therefore directly
comparable to Figure 8, and uses the same information
(specifically the ΣSFR profiles) but presented in a differ-
ent way. It is therefore closely connected to the previous
results in Section 3.1 and 3.2. We also comment that the
σ(∆ΣSFR) in Figure 9 is not exactly equivalent to the
scatter of ΣSFR, because the “typical” ΣSFR profile is
calculated continuously in stellar mass, by interpolation,
according to the right-hand panel of Figure 4.
As can be seen, the ΣSFR variation in galaxies is
strongly anti-correlated with the gas depletion time, re-
gardless of which of the two methods are used to calculate
the gas depletion time. This anti-correlation is especially
seen at radii within Re, shown by the coloured points in
Figure 9. To be clear, the “star-formation efficiencies”
or “gas depletion times” used in the current analysis are
derived from formulae in the literature rather than from
direct measurements of the gas content in these partic-
ular galaxies. It will be important to check, or test, the
result in Figure 9 using resolved measurements of cold
gas in galaxies. For instance, on the basis of Figure 9,
we would predict that the variation in the (normalised)
surface density of cold gas should decrease with increas-
ing gas depletion time ([MHI +MH2 ]/SFR). This could
be examined in future spatial-resolved CO and HI obser-
vations of these or other galaxies.
At radii greater than Re (the grey points in Figure 9)
the relation becomes flat or even increases, especially for
the most massive galaxies. This may reflect the possible
role of other processes in suppressing or elevating star
formation in the outer regions of galaxies (Medling et al.
2018), leading to a larger variation of SFR at larger ra-
dius. It may also be due to the fact that it needs too long
time to reach the quasi-steady state of star formation for
the outer regions with a τdep ∼ 3 Gyr.
According to the basic assumption of gas regulator, the
variation of SFR should depend on both the change of
cold gas accretion rate and the timescale of the reaction
to this change. The result in Figure 9 can therefore be
interpreted in terms of the different response times of dif-
ferent regions of galaxies to changes in the accretion rate.
In the inner regions, with higher SFE, the SFR reacts
quicker, leading to larger changes in the SFR. In regions
with lower SFE, the response time is longer, smoothing
out variations in accretion rate and producing a lower
amplitude of variations in the SFR. This is the most im-
portant new result of this paper.
This simple interpretation suggests that both the ele-
vation and suppression of SFR in the centers of galaxies
may simply be caused by their more rapid response to in-
creases or decreases in the rate of accretion from the halo.
This is quite different from the previous interpretations,
such as negative AGN feedback, the role of galactic bars,
and “compaction” and quenching scenario (Ellison et al.
2018; Guo et al. 2019). In Section 4, we will illustrate
how this model could work in a more quantitative way.
3.4. The ΣSFR − Σ∗ resolved main sequence
The idea presented in Section 3.3 is that the obser-
vational results based on the ΣSFR profiles (including
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Fig. 10.— The ΣSFR−Σ∗ resolved main sequence for the sample galaxies of the five stellar mass bins. In each panel, the grayscale shows
the number density of the spaxels, and the blue data points show the median ΣSFR−Σ∗ relation with the error bars indicating the scatter
of ΣSFR at given Σ∗. Note that, different from the previous subsections, both ΣSFR and Σ∗ surface densities are in physical units, without
scaling by (0.2Re)2. In each panel, the dashed lines from top-left to bottom-right are for the constant sSFR of 10−8, 10−9, 10−10, 10−11
and 10−12 yr−1, repectively.
Fig. 11.— The scatter of ΣSFR as a function of Σ∗ for the sample
galaxies of the five stellar mass bins. As in Figure 10, both ΣSFR
and Σ∗ surface densities are in physical units, without scaling by
(0.2Re)2.
Figure 9) can be interpreted in terms of the response of
a gas regulator system to changes in the accretion rate.
We will explore this further in the following Section 4.
This gas-regulator model is itself based on the idea that
the SFR in galaxies is set by the accretion of gas from
the surrounding dark matter halo. In this context, the
global SFMS is believed to be more fundamental than
the resolved Σ∗ − ΣSFR relation. A Σ∗ − ΣSFR relation
would then naturally follow if the radial profile of how
new gas was added to the galaxy was more or less sta-
ble over time. However, some authors have argued for
the opposite, i.e. that the global SFMS is the result of
a more fundamental resolved ΣSFR − Σ∗ main sequence
(see Cano-Dı´az et al. 2016, and references therein). Al-
though it is not clear to us whether this is correct, it is
still interesting to examine our earlier result in the con-
text of the resolved SFMS.
If the resolved SFMS is fundamental, a natural predic-
tion of the idea that was presented in Section 3.3 is that
the scatter in the resolved SFMS, ΣSFR at a given Σ∗,
should increase with increasing Σ∗. This is because, in
the extended Schmidt law formulation of star-formation
efficiencies, the efficiency is derived purely from Σ∗. We
examine this in Figure 10, which shows the ΣSFR−Σ∗ re-
lation for all the spaxels of the sample galaxies, split into
the five stellar mass bins. It is important to note that,
unlike the ΣSFR and Σ∗ in the previous subsections, we
in this subsection use physical units in Figure 10 for both
ΣSFR and Σ∗ without scaling with (0.2Re)
2.
The ΣSFR−Σ∗ relation depends strongly on the stellar
mass, in the sense that the slope of the ΣSFR − Σ∗ re-
lation becomes flatter with increasing stellar mass. This
probably reflects the fact that the bulge component be-
comes more pronounced with increasing stellar mass (see
Figure 4), leading to a higher Σ∗ at the centers of galax-
ies that may be unrelated to the star formation rate in
the disks.
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More importantly, Figure 10 shows that the scatter of
ΣSFR does indeed increase with increasing Σ∗, for the
two highest stellar mass bins. The result can be seen
more clearly in Figure 11, where the scatter of ΣSFR as
a function of Σ∗ for the five stellar mass bins is directly
compared. At Σ∗ greater than ∼ 10
8M⊙kpc
−2, the scat-
ter of ΣSFR strongly increases with Σ∗ (or the gas deple-
tion time), which is in good agreement with the the idea
in Section 3.3. At low Σ∗, the scatter of ΣSFR levels out,
and depends at most weakly on the Σ∗.
Overall, the similarity between Figures 9 and 11 is re-
assuring. It should be noted that, although they present
similar results, the two plots are not completely equiv-
alent. The σ(∆ΣSFR) in Figure 9 is calculated with
rescaled ΣSFR (see Section 2.4), which takes out the ef-
fect of galaxy size (or galaxy structure). As noted above,
the scatter in Figure 11 may also reflect the effects of
galaxy structure, in the sense that, the more pronounced
bulge may lead to a flatter relation of ΣSFR−Σ∗. In this
case, galaxies of different bulge fraction may broaden the
scatter of ΣSFR at given Σ∗. Furthermore, on a spaxel-
by-spaxel basis, one also needs to worry about the effect
of scale, when calculating the scatter of ΣSFR, especially
at the low-Σ∗ end, since one would expect to obtain a
larger scatter of ΣSFR on a smaller scale. However, this
effect should not be important in Figure 9, because the
scatter in Figure 9 is computed (across the population)
based on the median value of ∆ΣSFR in the pixels within
a given radial bin within each galaxy, whereas in Figure
11 the scatter is computed using simply all pixels in the
sample with a particular Σ∗. These may explain the fact
that the scatter of ΣSFR in Figure 11 is overall larger
than the σ(∆ΣSFR) in Figure 9.
In addition, it is possible that the resolved SFMS is
not after all fundamental. If so, we could expect ad-
ditional scatter in Figure 11. Actually, it is clear on
Figure 10 that the locus of the resolved main sequence
varies strongly with the total stellar mass of the galaxy.
Furthermore, we have examined the dependence of the
ΣSFR −Σ∗ locus on the displacement of the overall SFR
from the nominal integrated SFMS (i.e. ∆SFR), and find
that the ΣSFR − Σ∗ relation also strongly depends on
∆SFR: galaxies with higher ∆SFR (i.e. higher overall
SFR at a given mass) have higher ΣSFR than low-∆SFR
galaxies at the same Σ∗.
Although the question of whether the global or the
resolved SF main sequence is the more fundamental is
beyond the scope of this paper, the important point for
us is that the result in Figure 11 is consistent with the
result in Figure 9. We will explore this further below.
4. A QUANTITATIVE TOY-MODEL
At the end of previous section, we argued that the
striking inverse correlation between the amplitude of the
variations in ΣSFR across the population (at a given ra-
dius and for a given galaxy mass bin) with the median
gas depletion timescale (at this same radius and galaxy
mass) could be qualitatively understood in terms of the
different reaction timescales to changes in the accretion
rate in the simple gas-regulator picture. In this section,
we construct a few heuristic toy models to explore how
this could work, and also whether the variations in SFR
could reflect variations in other parameters such as the
SFE.
If the formation of stars is instantaneously regulated
by the mass of available cold gas in the reservoir, and if
there is an instantaneous mass loss scaling as the star-
formation rate, then the change in the mass of cold gas
in terms of the gas inflow rate (Φ) is given by the simple
continuity equation:
dMgas(t)
dt
= Φ(t)− SFE(t) · (1 + λ) ·Mgas(t), (3)
where Mgas is the mass of cold gas, and λ is the mass-
loading factor of stellar wind (Lilly et al. 2013). As noted
earlier, the dMgas(t)/dt is set to zero in the “bath-tub”
model (e.g. Bouche´ et al. 2010; Dave´ et al. 2012). It
is however this term that is the key to understanding
the effects presented above in terms of the dynamic re-
sponse of the gas mass in the gas regulator model (see
also Lilly et al. 2013). This differential equation can be
solved, yielding Mgas(t) in the form
Mgas(t) = e
−P(t)
·
(
Const +
∫
Φ(t) · eP(t)dt
)
, (4)
where P(t) =
∫
SFE(t)·(1+λ)dt. It should be noted that
the evolution of SFR(t) is assumed to follow the com-
bined evolution of the cold gas mass and star formation
efficiency, i.e. SFR(t) = SFE(t)·Mgas(t). According to
Equation 4, the variation of SFR therefore only depends
on the gas inflow rate, Φ(t), the mass-loading factor λ
and the SFE(t).
4.1. Simple variations in inflow rate with constant
SFE
We first look at the case that the SFE is independent
of time, and explore the behaviour of SFR(t) with given
inflow flow rate, Φ(t), at a series of different SFEs. To see
the effects of different SFE (or gas depletion time) more
clearly, we consider the simple case where the inflow rate
Φ(t) is oscillating sinusoidally with time. For simplicity,
we will assume two simple forms of the inflow rate: a
sinusoidal function in linear space and one in logarithmic
space. We refer to the sinusoidal inflow rate in linear
space as Model A1, and in logarithmic space as Model
A2.
The inflow rate of Model A1 can be written as
Φ(t) = Φ0 +Φt · sin(2pit/Tp), (5)
We then look for solutions of Mgas in the form of
Mgas = M0 +Mt · sin(2pit/Tp − δ), (6)
This can be substituted into Equation 3 and the various
time-dependent terms equated in the usual way. It is
convenient to define a parameter ξ to be the ratio of
the effective gas-depletion timescale to the timescale of
variation of inflow rate Tp(2pi)
−1, i.e. ξ = 2piτdep,eff/Tp
and to define an effective depletion time as τdep,eff , i.e.
including the outflow driven by stellar wind, i.e.
τdep,eff = SFE
−1(1 + λ)−1. (7)
Note that because of uncertainties in λ, we did not use
τdep,eff in Figure 8 and 9.
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We then find that
M0 = Φ0τdep,eff ,
δ = arctan(ξ),
Mt =
Φtτdep,eff
[1 + ξ2]1/2
.
(8)
The resulting SFR(t) is therefore also a sinusoidal func-
tion with a phase delay δ. The ratio of the relative os-
cillation amplitude of the star formation rate (SFRt) to
the relative amplitude in inflow Φ(t) can be written as:
SFRt
SFR0
=
1
[ξ2 + 1]1/2
Φt
Φ0
, (9)
where SFR0 is the steady-unperturbed star formation
rate, i.e. SFR0=SFE·M0= Φ0(1 + λ)
−1.
To summarize, when inputing a simple sinusoidally
varying inflow rate, the SFR(t) responds in a sinu-
soidal way with a phase delay of arctan(ξ) and a reduc-
tion of the relative oscillation amplitude by a factor of
1/[ξ2 + 1]1/2, where ξ is given by the relative timescales
of the variation in inflow and (effective) gas depletion.
Because the SFE is constant in time and independent of
gas mass in this model, the variation in the gas content
of the system will scale exactly as the SFR.
Figure 12 summarize the behaviour of SFR(t) in model
A1 as the period of oscillation of the inflow is varied rel-
ative to the effective gas depletion timescale. The left
panel of Figure 12 presents the reaction of SFR as a
function of time under three different effective gas de-
pletion times: τdep,eff =0.1, 1.0, and 10 Gyr, when the
inflow varies with Tp = 1 Gyr and Φt = Φ0. As expected,
the resulting SFR oscillates sinusoidally with time, with
a phase delay with respect to the inflow rate (see Equa-
tion 8) that increases as the depletion time increases.
The amplitude of oscillations in the SFR similarly shows
a reduction with respect to the oscillation amplitude of
the input Φ(t). The longer the gas depletion time, the
more there is a reduction of the amplitude of variations
in the gas content as it is unable to quickly respond to the
varying inflow rate. The right panel of Figure 12 presents
the analytic form of the ratio of SFRt to Φt as a function
of the ratio of effective gas depletion time to the period
of Φ(t) (confirmed by our numerical calculations). When
τdep,eff is a tenth of Tp, the oscillation amplitude of SFR
is reduced by 15% with respect to Φt. However, when
τdep,eff is comparable to Tp, the oscillation amplitude of
SFR is reduced by 84% with respect to Φt. The oscilla-
tion amplitude of SFR is reduced by half with respect to
Φt at τdep,eff/Tp= 0.28.
According to Equation 5, in the case of the linear
Model A1, the peak-to-peak variation of Φ(t) is limited
to be less than a factor of two with respect to Φ0, since
the inflow rate should always be greater than zero. How-
ever, the inflow rate can be much more complicated in a
real case, and the amplitude of variations in inflow could
be larger than the steady state flow, since the variation
of ΣSFR is up to 0.6 dex as seen in Figure 9.
Therefore we also consider in Model A2 an inflow
rate that oscillates sinusoidally in logarithmic space (Sin-
lgΦ). However, both these sinusoidal inflow rates would
lead to a double-horned distribution of inflow rate, and
likely also a double-horned distribution of SFR of the
galaxy population, which is clearly inconsistent with the
roughly Gaussian distribution of SFR on the SFMS (e.g.
Davies et al. 2019). Thus, we also consider a form of
inflow rate in Model A3 that oscillates following the pe-
riodic inverse error function in logarithmic space (Inerf-
lgΦ), which produces a Gaussian distribution of the in-
flow rate. In a similar way as Model A1, we solve the
Equation 3 for Models A2 and A3, but do so numeri-
cally.
Figure 13 presents the ratio of the variation of SFR(t)
to the variation of Φ(t) as a function of τdep,eff/Tp under
the circumstance of these different forms of the inflow
rate. With the logarithmic variation of the Models A2
and A3, the reduction in variation amplitude not sur-
prisingly depends on the (logarithmic) amplitude of the
variations in inflow. This can be clearly seen in Figure 13
that offsets in the response curves are found for different
σΦ, even with the same form of inflow rate.
Although the oscillation amplitude of the output
SFR(t) depends on the effective gas depletion time, the
period of inflow rate, the oscillation amplitude, and even
the functional form of the changes in the inflow rate, we
find that all three models (A1, A2 and A3) qualitatively
reproduce the trend that the variation of SFR is strongly
anti-correlated with the effective gas depletion time, as
shown observationally in Figure 9.
In this, we naively assume that the amplitude and
timescale of the changes in the inflow rate do not vary
with radius or galaxy mass, which may not be realistic.
However, with this caveat in mind, the variation in ΣSFR
within and across galaxies in Figure 9 can be interpreted
as representing the dynamic reaction of the regulator,
at different gas depletion timescales, to changes in the
inflow rate.
With this assumption, we can try to match the model
with the observational result in Figure 9. For the pur-
pose of illustration, we only present the model fitting
for the left panel of Figure 9 (based on the extended
Schmidt law), and only consider the data points within
Re for the five stellar mass bins. Specifically, we adopt
the Inerf-Φ of Model A3, because it is more realistic than
the other forms of inflow rate we considered. Since the
model contains the mass-loading factor, it is necessary
to first estimate the λ. Here we determine the mass-
loading factor in a similar way as Lilly et al. (2013).
We assume the mass-loading factor to be in the form of
λ0(Σ∗/10
9[M⊙kpc
−2])α. The λ0 is determined by fitting
the gas-regulator model to match the resolved Σ∗-sSFR-
metallicity relation of all the spaxels for galaxies in the
five stellar mass bins (E. Wang et al., in preparation).
During the fits, we fix the value of α to be -1/3, because
the fitted value of α is close to -1/3 for all the five stellar
mass bins when setting it free in the fittings.
After obtaining the mass-loading factor, we then con-
vert the τdep of the left panel of Figure 9 into the effective
gas depletion time, τdep,eff plotting this quantity in Fig-
ure 14. The best fitting model is shown in black solid
line, giving Tp=4.5 Gyr and σΦ=0.9 dex. However, the
Tp and σΦ are highly degenerate according to Figure 12
and Figure 13. We also present the best-fitting models
with fixing Tp=3.5 Gyr and 5.5 Gyr, shown in dotted and
dashed lines in Figure 14. All the three fitting models
match the data points reasonably well.
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Fig. 12.— Illustration of the toy Model A1 assuming that the inflow rate oscillates in a sinusoidal function in linear space. Left panel:
The input gas inflow rate and the reaction of SFR as a function of time for Model A1 under the circumstances of three different effective
gas depletion times: τdep,eff =0.1, 1.0, and 10 Gyr, as denoted in the top right corner. Right panel: The ratio of reaction amplitude of SFR
to the input oscillation amplitude of Φ as a function of τdep,eff/Tp for Model A1. In addition, we also present the reaction amplitude of
SFR(t) of Model C as a function of τdep,eff/Tp in the right panel, shown in green solid lines, with assuming the same oscillation of inflow
rate as in Model A1, but the SFE varies in response to variations in the gas content of the system according to the Kennicutt-Schmidt law,
i.e. SFE ∝M0.4gas.
Fig. 13.— The ratio of reaction variation of SFR(t) to the input variation of Φ as a function of τdep,eff/Tp for a series of different models
of inflow rate. The models of inflow rate are labeled in the top right corner in the figure. In addition, we also consider the case of Model
C that the SFE varies in response to variations in the gas content of the system according to the Kennicutt-Schmidt law. The response
curves for Model C are shown in green curves with different forms of inflow rate.
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Fig. 14.— The same as the left panel of Figure 9, but overlapped
with the best-fit model (black solid line), and the fitting models
(dotted and dashed lines) at Tp =3.5 Gyr and 5.5 Gyr, as denoted
in the top right corner. We note that the x-axis is converted to the
effective gas depletion time with respect to the Figure 9.
Although the models match the data points well, we
regard this as a heuristic exercise, and the derived values
should be treated with a great deal of caution. This is
because 1) the variation of SFR depends on the form of
inflow rate and the real inflow rate is unlikely to be any
of the forms we assumed, 2) the variations in inflow rate
may well depend on radius and on galaxy mass, 3) the
mass-loading factor determined by fitting the Σ∗-sSFR-
metallicity relation may carry large uncertainties, and
finally 4) the oscillation amplitude and period of inflow
rate are highly degenerate as shown in Figure 13.
Nevertheless, despite these caveats, the toy model sug-
gests that this idea of dynamic response to changes in
accretion is a useful one in interpreting radial varia-
tions of star-formation rates in galaxies. This is dif-
ferent from the previous mechanisms proposed to ex-
plain the elevation or suppression of star formation (e.g.
Ellison et al. 2018; Guo et al. 2019; Spindler et al. 2018).
Previously the enhanced star formation in galactic cen-
ters has been interpreted as the result of disk instabili-
ties, galaxy-galaxy interactions or the existence of bar,
and suppressed star formation in galactic center has been
interpreted as “inside-out” quenching by AGN feedback
or morphological quenching. However, based on our toy
model, the symmetric elevation and suppression in star
formation is simply due to the fact that the inner re-
gions of massive SF galaxies with high SFE respond more
rapidly to any change in the accretion from the host halo
than the outer regions with low SFE. Our result suggests
that the variation of SFR within and across galaxies may
be primarily governed by the different responses to vari-
ations of the cold gas inflow, due to different SFEs at
different galactocentric distances.
In addition to the variation of SFR within and across
the galaxies, the gas-regulator model can also explain
the elevation (or suppression) of star formation at all
galactocentric radii for ESFGs (or SSFGs). Assuming an
overall increasing or decreasing inflow rate for a galaxy,
both the inner and outer regions would have enhanced
(or suppressed) star formation. An interesting question
is whether the phase lag, evident in Figure 12 and Equa-
tion 8, would produce noticeable effects within a given
galaxy, e.g. by causing the elevation or suppression of
star-formation at different radii to be out of phase. The
phase delay depends on the effective gas depletion time.
According to the Equation 8, the phase delay is always
less than pi/2. In practice, the phase delay will be consid-
erably smaller, because the change of the effective gas de-
pletion times from the inner regions to the outer regions
is always less than 0.5 dex (see Figure 14). According
to Equation 8, and the actual range of τdep,eff/Tp in Fig-
ure 14, we would expect that the largest phase delay to
be around δ = 0.16pi, only a third of the maximum pi/2.
Given this, our very naive and heuristic model would pre-
dict a more or less coherent elevation/suppression of SFR
at all radii for ESFGs/SSFGs, as observed (see Figure 5).
4.2. Variations in SFE with constant inflow rate
Looking at the continuity Equation 3, we could also
imagine that the variations in ΣSFR are due to imposed
variations in the SFE, rather than the inflow rate. It
is not clear how these variations could be imposed on a
galaxy, but for completeness we consider this scenario as
a Model B. We consider only the linear case (equivalent
to Model A1 above) and simply impose that the SFE
varies as
SFE(t) = SFE0 + SFEt · sin(2pit/Tp), (10)
where SFE0 is the median SFE(t), SFEt is the oscillation
amplitude of SFE(t), and Tp is the period of SFE(t).
Substituting Equation 10 into Equation 3 and fixing
the inflow rate, we again determine solutions numerically.
The behavior of SFR(t) andMgas(t) of Model B is shown
in Figure 15. The Figure 15 shows the relative amplitude
of oscillations in star-formation rate (or mass of gas), i.e.
the oscillation amplitude of the SFR(t) (or Mgas(t)) rel-
ative to the median values, relative to the variation in
star-formation efficiency, SFEt/SFE0, as a function of
the ratio of the median effective gas depletion timescale
τdep,eff relative to the driving period Tp, for three differ-
ent oscillation amplitudes of the SFE: SFEt/SFE0= 0.3,
0.5, and 0.7.
Interestingly, the relative amplitude of variations in
star-formation rate appears to increase monotonically
with the median τdep,eff/Tp, while the relative amplitude
of variations in Mgas(t) decreases. When the SFE varies
on a very short timescale with respect to the effective gas
depletion timescale (log10 τdep,eff/Tp >0), the relative os-
cillation amplitude of SFR(t) exactly follows the input
relative oscillation amplitude of SFE, and the mass of
gas hardly varies at all. With decreasing the τdep,eff/Tp,
the oscillation of SFR(t) becomes less and less significant,
while the oscillation ofMgas(t) becomes larger and larger.
We note that while the amplitude of the variations in
SFE has some effect, the basic qualitative trends of the
relative oscillation amplitude of SFR(t) and Mgas(t) are
similar at different SFEt/SFE0 (see different line styles
in Figure 15). At fixed τdep,eff/Tp (at low τdep,eff/Tp),
the relative oscillation amplitude of SFR(t) and Mgas(t)
is higher at higher SFEt/SFE0.
Apart from the difficulty in imagining how the SFE
could be driven in this way, we note that this Model
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Fig. 15.— Illustration of toy Model B with assuming that the
SFE oscillates in a sinusoidal function in linear space with fixing
the inflow rate. The behavior of SFR(t) and Mgas(t) in Model B
are shown as the oscillation period of the SFE is varied relative to
the median effective gas depletion timescale. The black (or red)
lines represent the oscillation amplitude of SFR(t) (or Mgas(t))
to median SFR(t) (or Mgas(t)) relative to SFEt/SFE0 as a func-
tion of τdep,eff/Tp at three different oscillation amplitude of SFE:
SFEt/SFE0= 0.3, 0.5, and 0.7.
B produces the opposite trend in the amplitude of SFR
variations as a function of τdep,eff/Tp as seen in the ob-
servational data (see Figure 9) and as successfully repro-
duced by Model A1 and A2. This suggests to us that
variations in SFE with a more or less constant inflow
rate are unlikely to be the primary factor in determining
the variation of SFR in galaxies, and we do not consider
Model B further. In this next subsection we explore a hy-
brid situation in which variations in SFE are consequent
to variations in the inflow rate via variations in the gas
mass.
4.3. Variations in inflow rate with consequently
varying SFE
As a third option, we therefore consider a toy model in
which variations in SFR are driven by variations in the
inflow rate, as in Model A1-A3, but in which the SFE
varies in response to variations in the gas content of the
system. This would be appropriate if the SFE was given
by a pure Kennicutt-Schmidt type relation, rather than
the constant SFE used in Section 4.1, and is more in line
with e.g. the numerical simulations of Tacchella et al.
(2016b) who emphasized the role of varying τdep in the
oscillation of galaxies above and below the SFMS. We
refer this model as Model C.
In the (steady-state) gas regulator model (Lilly et al.
2013), the value of the SFE has no effect on the sSFR,
which in the “ideal regulator” case is always set by the
regulator to be exactly equal to the specific accretion
rate, independent of τdep. Although in that paper, an
SFE independent of gas mass was assumed, it was com-
mented that an SFE that increased with gas mass would
not affect this basic result, since it would only affect the
reaction timescale of the regulator τdep and the equilib-
rium gas fraction and not the resulting equilibrium level
of star-formation. We would not therefore expect major
changes to the results of Subsection 4.1.
To verify this, we re-ran Model A1-A3, but now intro-
duced an SFE that varied as the mass of gas to the 0.4
power, i.e. a pure Kennicutt-Schmidt Law ΣSFR ∝ Σ
1.4
gas.
This star formation law also indicates a radially de-
creasing SFE from the center outward as the extended
Schmidt law and Silk-Elmegreen law (c.f. Utomo et al.
2017), since the star formation and the gas surface den-
sity are almost always peaked at the center of galaxies
(see Figure 5). As we would expect, this change produces
only a small change in the amplitude of the response of
the SFR to changes in the inflow relative to the results
of Models A1-A3. This is shown in the right-hand panel
of Figure 12 and Figure 13 (green lines). For a positive
dependence of SFE on gas mass, a slightly larger ampli-
tude of SFR for a given amplitude of variation in inflow
is produced because, as the gas mass increases, the in-
crease in star-formation rate is even stronger with this
SFE law. However the effect is as expected, quite small.
This suggests that the variation of SFE implied by a pure
Kennicutt-Schmidt type relation plays only a secondary
role in determining the variation of SFR on the SFMS
with respect to the variation of inflow rate.
By using 26 simulated galaxies from their zoom-in
hydrocosmological simulations, Tacchella et al. (2016b)
found that both the gas mass and SFE play a role in de-
termining where galaxies located on the SFMS: galaxies
above the SFMS have higher cold gas mass and higher
SFE than galaxies below the SFMS. However, the depen-
dence of ∆SFR on SFE in their result is not surprising,
since the SFE in their simulation was set to mimic the
empirical Kennicutt-Schmidt law.
Whether the SFE depends on the cold gas mass (or
cold mass surface density) or not, and whether the over-
all SFE is different above and below the SFMS, are still
open questions observationally. The extended Schmidt
law used earlier in this paper suggests no direct link be-
tween gas mass and SFE. Observationally, Genzel et al.
(2015) have found a positive correlation between the SFE
(inverse gas depletion time) and the ∆SFR with a power
law index of -0.46. However, since the observed star-
formation rate enters into both ∆SFR and the SFE, un-
certainties in the observational determination of the SFR
may produce a spurious correlation between ∆SFR and
the SFE.
4.4. Discussion of the toy-model
It is nevertheless interesting that the data points in
Figure 9 lie in a narrow sequence on the σ(∆ΣSFR)-τdep
relation, for all the stellar mass bins and at least for all
the radii less than Re, regardless of which star formation
law is adopted. Although the assumption of a uniform
inflow rate within and across galaxies in our model can
account for the observational result in Figure 9, it is also
possible that a different oscillation amplitude combined
with a different period of Φ(t) make the data points form
a narrow sequence on the σ(∆ΣSFR)-τdep diagram by co-
incidence, because the oscillation amplitude and period
of inflow rate are highly degenerate according to our
toy model. The mass-loading factor is another factor,
which certainly introduces uncertainties. It is generally
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assumed that the mass-loading factor is anti-correlated
with stellar mass, but how the mass-loading factor should
vary within galaxies at different radii is not well under-
stood.
One obvious issue with our interpretation is that, while
our toy model provides a very nice explanation for the
elevation and suppression of star formation within and
across galaxies, the variation of gas inflow rate should in
principle always be larger than the observed variation of
ΣSFR (see Figure 12 and Figure 13), since the sluggish
response of the regulator is only to decrease the ampli-
tude of variation. According to Figure 9 and Figure 13,
the variation of specific gas inflow rate should therefore
be larger than 0.6 dex, at least for the inner region of the
most massive bin. This is much larger than the scatter of
the overall SFMS at both low and high redshift which is
comparable also to the dispersion in overall halo specific
accretion rates averaged within 20 per cent of the Hubble
time (Rodr´ıguez-Puebla et al. 2016).
We have not explored this in detail, but there are a
number of possibilities that could account for this. De-
pending on whether the accretion occurs as a steady
stream or associated with discrete events (like minor
mergers), any theoretical estimate of the variation of
specific accretion rates would itself require a time av-
erage over some interval of time. Indeed, one could en-
visage that there will be a frequency spectrum of accre-
tion which will produce, via the response curves shown
in Figure 13, a frequency spectrum of star-formation. It
is not surprising that the variation of the overall halo
specific accretion would be much larger than 0.3 dex if
averaged within a much shorter timescale than that in
Rodr´ıguez-Puebla et al. (2016). One could also imagine
that the mass inflow onto the central galaxies out of the
halo showed larger temporal variations than the accretion
of gas onto the larger halo, perhaps due to instabilities
within the halo itself.
Determining the frequency spectrum of star formation,
whether in simulations (Matthee & Schaye 2019) or ob-
servationally (Caplar & Tacchella 2019) will be interest-
ing. We would expect this quantity to be given by the
frequency spectrum of accretion (at a given radius and
mass) multiplied by the response curves in Figure 13.
5. OTHER DISCUSSION
5.1. Relation to the variation in integrated SFR
The observational results in Section 3 above was based
on spatially resolved measurements within galaxies, but
the principles should apply also to galaxies as a whole.
Based on both of our adopted SFE laws, we would ex-
pect that, at a given stellar mass, compact galaxies would
have higher SFE than extended galaxies. Evidence for
this is given in the analysis of Wang et al. (2018a) in
which it was shown that the sample of compact SF galax-
ies as a whole have half the HI gas content as that of
extended SF galaxies. Wang et al. (2018a) interpreted
this deficiency of gas as a signature of imminent quench-
ing. But the difference in HI content can be equally well
interpreted as compact galaxies having twice the SFE
as those of extended SF galaxies, which is actually in
good qualitative agreement with the extended Schmidt
law (Shi et al. 2011) used in this paper.
If this is the case, then we would expect within the
Fig. 16.— The SFMS for the compact SF galaxies (red circles)
and extended SF ones (gray circles). Enclosed plot shows the dis-
tribution of ∆SFR for compact SF (red histogram) and extended
SF galaxies (gray histogram). The scatter of ∆SFR for the two
populations are also denoted.
picture that we have developed in this paper, that the
shorter SFE of the compact galaxies would lead to
quicker responses to changes in the accretion rate and
therefore to larger variations in the SFR. All other things
being equal, we would predict that compact SF galaxies
would have the same mean SFR as extended ones, but
a larger dispersion around this mean, assuming that the
halo accretion properties of the two sets of galaxies would
be the same.
These predictions are both in good agreement with
the results found in the SDSS analysis in Wang et al.
(2018a). The compact SF galaxies indeed show a very
similar median SFR to the extended SF galaxies, while
the dispersion (standard deviation) of the global SFR
for compact SF galaxies is indeed larger than those of
extended SF galaxies for ∼ 30% over the whole stellar
mass range.
We therefore also examine the distribution of com-
pact and extended SF galaxies on the SFMS for our
MaNGA sample examined here, for which we do not of
course have HI data. Figure 16 presents the SFMS divid-
ing the MaNGA galaxies into compact and extended SF
galaxies according to their mass-size relation. In prac-
tice, we first fit a straight line for the M∗,<Re-Re rela-
tion, then separate galaxies into two more or less equal
classes, compact SF and extended SF galaxies by this
straight line. As shown in Figure 16, the compact and ex-
tended SF galaxies have similar mean SFR with respect
to the SFMS. However, the dispersion in the ∆SFR of
the two populations is again significantly different, in the
sense that compact galaxies show a 34% broader range
of ∆SFR than the extended SF galaxies. We perform a
Kolmogorov-Smimov test to quantify the significance of
this difference and obtain a probability of 0.002, suggest-
ing a 99.8% significance for the null hypothesis of the two
distributions being drawn from the same parent distribu-
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tion to be rejected. We have also examined this result
by broadly separating galaxies into two stellar mass bins,
and find that compact SF galaxies show a larger scatter
on the SFMS than extended SF galaxies for both low and
high stellar mass bins.
A natural prediction of our model is that the scatter
of the SFMS should increase with decreasing effective
gas depletion time. Specifically, it is expected that mas-
sive galaxies have a larger scatter on the SFMS than less
massive galaxies because more massive galaxies usually
have higher stellar surface density, and therefore shorter
gas depletion time. This prediction is consistent with
previous studies that the scatter of the SFMS broad-
ens with increasing stellar mass at stellar mass greater
than ∼ 109M⊙(e.g. Guo et al. 2015; Willett et al. 2015;
Davies et al. 2019). However, at the low mass end, the
scatter of the SFMS appears to increase again with de-
creasing stellar mass (Davies et al. 2019). This does not
necessarily argue against our model. Actually, at the low
mass end, the wind mass-loading factors driven by stellar
feedback may become very large, resulting in short effec-
tive depletion times. If the mass-loading factor increases
more quickly than the star formation efficiency declines,
then the effective gas depletion time would actually de-
crease with decreasing stellar mass. In this case, our
model would predict an increase of the scatter of SFMS
at the low mass end. However, we note that it is still
rather unclear observationally what the mass-loading fac-
tors actually are for the inflow and outflow of galaxies,
especially for low-mass galaxies.
Here we can also comment that the difference between
τdep and τdep,eff may also account for some of the flat-
tening in Figures 9 and 11, in which τdep was plotted. In
particular, on Figure 11, it is possible that the τdep,eff for
low Σ∗ are substantially shorter than the nominal τdep
computed from Σ∗, producing a similar response in the
regulator to higher values of Σ∗ with lower wind mass-
loading factors.
As noted above, a gas regulator fed by some steady
specific accretion rate will set the sSFR to be exactly this
specific accretion (Lilly et al. 2013), quite independent of
the SFE. As shown in this paper, however, the response
to variations in the specific accretion rate will however
depend on the SFE. The quicker response of systems with
high SFE produces larger variations in sSFR for a given
variation in specific accretion rate. The observational
result in Figure 16 is therefore in very good agreement
with the prediction of gas regulator combined with the
extended Schmidt law to determine the SFE.
The analysis in this subsection therefore supports the
scenario in which the movement of SF galaxies going up
and down on the SFMS is primarily governed by the
variations in cold gas inflow rate, while the scatter of the
SFMS depends on both the oscillation amplitude of the
gas inflow rate and by the reaction of the system to the
oscillation which is set by the parameter ξ.
The continuity Equation 3 can be trivially re-written
(c.f. Tacchella et al. 2016b) in terms of the depletion
and replenishment timescales
dlnMgas(t)
dt
= Φ(t)/Mgas − SFE · (1 + λ), (11)
where Φ(t)/Mgas is an inverse gas replenishment
timescale, trep and SFE(1+λ) is the inverse gas depletion
timescale, tdep,eff. Clearly if trep < tdep,eff, the gas mass
will increase and the galaxy will move up in sSFR, and
vice versa. Tacchella et al. (2016b) associated the replen-
ishment timescale trep with the inverse specific accretion
rate of the halo, but we believe that this is not strictly
correct. These quantities differ by a potentially large fac-
tor of Mint/Mgas, where Mint is the time integral of all
previous inflow onto the galaxy, not the remaining gas in
the galaxy (see Lilly et al. (2013) for a discussion). This
distinction becomes more and more important at later
times in the Universe.
5.2. Perspectives on the inside-out growth and the
inside-out quenching of galaxies
As shown in Figure 4, the median ΣSFR profiles of NS-
FGs can be well expressed as an exponential function, in-
dicating that these NSFGs have an exponential SF disk.
However, their sSFR profiles show positive gradients es-
pecially for massive galaxies at galactic center, due to the
contribution of the pronounced stellar core in galactic
center. These old cores are the result of the “inside-out”
build up of the galaxy and are likely to have nothing to
do with star formation quenching. This is seen in the
stellar age profiles (Pe´rez et al. 2013; Ibarra-Medel et al.
2016; Goddard et al. 2017; Wang et al. 2018b).
Quite distinct from the inside-out growth scenario, we
find, as have others before, that galaxies significantly be-
low the nominal SFMS have suppressed star-formation
at all radii, with the inner SFR more suppressed than
in their outer regions. This finding has usually been
interpreted as evidence for inside-out quenching (e.g.
Tacchella et al. 2015; Belfiore et al. 2018; Ellison et al.
2018; Medling et al. 2018; Sa´nchez et al. 2018). In this
picture, star formation quenching in galaxies first occurs
in the center and then propagates out to larger galac-
tocentric radii, which implies that there must be some
physical processes happened in the galactic center to
quench star formation. Thus, the feedback of central
massive black holes and the possible quenching effects of
galaxy morphology (e.g. the presence of bars or bulges)
have been invoked to account for this proposed inside-
out quenching. However, the morphological quenching is
unable to simultaneously explain the fact that galaxies
above the SFMS show more enhanced star formation in
the center than in outer regions as we have shown in this
paper. It is possible that the positive and negative effects
of AGN feedback may be able to explain both the ele-
vation and suppression of star formation in ESFGs and
SSFGs, although it is still unclear whether, and how in
detail, they actually work.
In this work we interpret the centrally-suppressed star
formation in SSFGs to be due to a quicker response of
these regions to a reduction in the overall gas inflow onto
galaxies, rather than some quenching mechanisms oper-
ating initially at the center. If the gas inflow rate recovers
or becomes higher again, then the center would likewise
quickly recover and have an elevated star-formation rate.
This naturally explains the symmetric elevation and sup-
pression of star formation in galaxies.
Our scenario indicates that the SF galaxies go up
and down across the SFMS during their lifetime (e.g.
Tacchella et al. 2016b; Matthee & Schaye 2019). What,
if anything, has this got to do with the “quenching” of
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galaxies, i.e. the cessation of star-formation and the
transformation of the galaxy into a passively evolving
system. We could imagine that quenching could occur
when the inflow rate or the SFR falls below a certain
threshold due to the cessation of cold gas inflow, for rea-
sons that are poorly understood. Assuming quenching
begins with a sudden cutoff of cold gas inflow (regardless
of the cause of such an event), the central region responds
more rapidly than the outer region to the change of in-
flow, naturally resulting in a more suppressed star for-
mation in the center than in the outer region during the
quenching without invoking any specific physical mecha-
nisms to preferentially quench the galactic center. This
is in good agreement with the observed more suppressed
star formation in the center than in the outer regions for
green valley galaxies (Belfiore et al. 2018). We also in-
fer that compact SF galaxies would be transformed into
passive systems in a shorter timescale with respect to
extended SF galaxies, since the compact galaxies with
higher Σ∗ have higher SFE and response quicker to the
sudden cessation of cold gas inflow than the extended
galaxies.
6. SUMMARY AND CONCLUSION
In this paper, we examined a sample of 976 SF
galaxies selected from the SDSS-MaNGA DR14 in or-
der to investigate the variation of star formation within
galaxies. We excluded mergers, irregulars and heav-
ily disturbed galaxies (Wang et al. 2018b). For SF re-
gions, the SFRs were calculated based on the Hα emis-
sion with correcting the intrinsic dust extinction, while
the SFRs for LINER/AGN regions are determined by
the Dn(4000)-sSFR relation based on the SF spaxels
(Brinchmann et al. 2004). We thereby generated maps
and profiles for ΣSFR and Σ∗ for each individual galaxy
and then also constructed median profiles for sets of
galaxies selected according to their overall stellar mass
and their location relative to the Main Sequence of star-
forming galaxies. The median profiles of SFR (or mass)
were normalized to the observed effective radius, i.e. we
computed in units of SFR (or mass) per (0.2Re)
2 area.
Our main results are summarized as follows.
• The typical ΣSFR profiles of NSFGs (-0.33<
∆SFR < 0.33 dex) can be well described by an
exponential function at both low and high stellar
mass bins. The sSFR profiles show increasingly
positive gradients with increasing stellar mass.
These two facts suggest that the sSFR gradients
are due to the increased prominence of central stel-
lar cores or bulges, rather than being the result of
any kind of star formation quenching. Thus one
cannot simply interpret the positive sSFR profile
as evidence for “inside-out” quenching (see Section
3.1).
• The median sSFR profiles show little evidence for
systematic negative gradients in all SFR bins over
the whole stellar mass range, suggesting that es-
sentially galaxies are increasing in mass-weighted
size (see Figure 6), and are not shrinking in size,
i.e. galaxies are continuous to grow “inside-out”, at
least in the local universe only due to star forma-
tion (and without considering mergers and radial
migration of stars).
• As a whole, galaxies above the SFMS exhibit an
elevation of star formation everywhere, especially
in the inner region. Similarly, galaxies below the
SFMS exhibit a global suppression of star forma-
tion everywhere, especially in the inner region.
This enhanced elevation, and suppression, of star-
formation in the inner regions of galaxies becomes
progressively more pronounced as the stellar mass
increases. Interestingly, the pattern of radial eleva-
tion and suppression of star formation in galaxies
with overall elevated, or suppressed, star-formation
rates is strikingly symmetric over the whole stellar
mass range (see Figure 5 and Figure 8).
• In the main new result of the paper, we show that
the amplitude of these variations in ΣSFR at a
given radius in galaxies of a given mass, is well-
correlated with the gas depletion times for the
galaxies that can be derived from either the ex-
tended Schmidt law or Silk-Elmegreen law (see Fig-
ure 9). This result is also confirmed by a spaxel-by-
spaxel analysis that shows that the scatter of the
resolved Main Sequence relation, i.e. σ(ΣSFR) at a
given Σ∗, increases with Σ∗ (see Figure 10 and 11).
• We interpret this result as reflecting the differ-
ent dynamical response of a regulator system to
changes in the accretion rate of gas onto the sys-
tem. In regions of high SFE (short gas depletion
time), the SFR is able to follow changes in the
accretion rate, while at lower SFE, the changing
of SFR is damped with respect to changes in the
accretion rate, thereby reducing the amplitude of
changes in the SFR (see Figure 12 and 13).
We constructed an idealized gas regulator model with
an oscillating inflow in order to show how a tight corre-
lation between the variation of ΣSFR and gas depletion
time could arise. This was based on the simple physics
in the gas regulator model (Lilly et al. 2013) in which
the formation of stars in galaxies is instantaneously reg-
ulated by the mass of gas in the reservoir. In the model,
the inflow rate is assumed to periodically vary in either
linear space or in logarithmic space, with some period.
In both cases, the resulting variation of the SFR is found
to strongly anti-correlate with the gas depletion time,
simply because shorter gas depletion timescales (higher
SFE) allow a quicker response to variations in accretion
rate. This is parameterized via ξ, the ratio of effective
gas depletion time to the oscillation period of inflow rate.
This model therefore explains the observed variation of
SFR within and across galaxies, but also it provides some
other interesting implications.
According to this picture, compact SF galaxies should
have larger fluctuation of SFR on the SFMS than the
extended SF galaxies of the same mass, but have the
same average SFR. Both of these are shown in Figure 16
(see also Wang et al. 2018a).
We conclude that the radial elevation and suppression
of SFR within galaxies, and the variation from galaxy
to galaxy, are likely due to the simple physics of the
gas regulator model and the importance in this model
of the gas depletion timescale. Several mechanisms have
been proposed to account for the star formation eleva-
tion and suppression in massive galaxies, including the
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existence of bar-like structures, positive and negative
AGN feedback, and the morphological stabilization of
gas disk against star formation (e.g. Nelson et al. 2016;
Spindler et al. 2018; Ellison et al. 2018; Guo et al. 2019).
Different from the interpretations of previous works, we
suggest a more general and simple explanation for the
symmetric fluctuation of ΣSFR that accounts for the sym-
metric nature of the excursions above and below “nor-
mal” SF galaxies. Previously, the suppressed star for-
mation in the centers of massive galaxies has been taken
as evidence for “inside-out” quenching, suggesting that
there must be some physical processes to quench galaxies
from the center outwards. However, according to our ex-
planation, this is due to the quicker response to decreases
in accretion rate in the central regions, and is mirrored
by the quicker response of the central regions also to in-
creases in the accretion rate. There is no necessity of
any specific quenching processes preferentially operating
at the centers of galaxies, according to the oscillating
gas-regulator model.
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